Introduction
Cirrus clouds play a major role in the earth's radiation budget due to their extensive areal coverage. The representation of cirrus clouds in the current general circulation models (GCMs) is as yet insufficient.
Although the gridbox averaged IWC is often diagnosed it is not yet sufficiently accurate, and horizontal inhomogeneity is not even accounted for. Liou and Rao (1996) showed that cloud horizontal variability in cirrus affects the solar reflection and transmission patterns in a way which is dependent on solar zenith angle, while Tsay et al (1996) showed that cloud morphology affects the shape of the angular distribution of reflected radiance, for example. The atmospheric IWC in large-scale models interacts with the radiative field, so feedbacks develop between the cloud field, atmospheric dynamics and thermodynamics. Cirrus microphysics responds strongly to the dynamics, as observed by Strom et al (1997) . For example, cellular structures have frequently been observed embedded within cirrus layers, increasing the variability in the ice water content (e.g. Smith and Jonas, 1996) . Turbulent motions alter not only the variability but also the average microphysical characteristic of a cloud. Donner et al (1997) showed that the subgrid turbulent variations in :_he vertical velocity had a large effect on the average ice water content (IWC). Their model of large scale cirrus produced gridaveraged IWCs which were too low when subgrid scale variabibty was neglected, especially near jet streams where strong shear produced gravity waves and tu._bulence. Introducing a subgrid scale variability in vertical velocity w almost doubled the average IWCs.
The complex interactions between the cloud and its envir mment need to be simplified if we are to find a method of parameterizing the ice field. The aim of this paper was therefore to investigate the effect turbulence has upon the structure of i_he observed cirrus cloud layers and the resulting feedbacks of the cloud on the turbulence. We used data from the FIRE-II 
Cloud Radar
The Penn State University 94GHz (or 3mm) radar provided continous vertical profiles of clouds as they drifted over the site. This gives an estimate of the height of cloud base and cloud top, and therefore of cloud depth D, of the clouds that drift over the main operational site in Coffeyville during the time of each flight. The radar data were averaged over 10 second intervals, corresponding to a 300m datapoint spacing for a wind speed of 30 m s -1, which is comparable to the aircraft microphysical sampling. Clothiaux et al (1995) describe the radar in detail. The radar data gives very accurate estimates of cloud base height and is very sensitive to large cloud particles. However, the minimum detectable signal for this data was between -25 and -30 dbz. It is therefore likely that the top 20 -30% of the cirrus layers, where the smallest particles are found, will be missed, although this depends on the cloud layer being observed (Mace et al, 1997) .
The cloud depths estimated from the radar data were used in those cases where the flight took place over and around Coffeyville itself (usually within 40kin of Coffeyville). With typical wind speeds at cirrus levels of at least 30 m s -1, the cloud laye, advects 216 km or more during two hours, the typical duration of a flight. So a 40km distance between the centre of a flight track andthe positionof the radaris insigniflantin comparison andthe two in effectsamplethe same cloudlayer. Thereweresomeflights whichtook placein other areas.In thesecases, whenthe entireflight wasmorethan 100kmawayfrom Coffeyville,the radar data wasunrepresentative of the areasampledby the aircraft,andthereforethe cirrusclouddepthwasestimatedfromthe aircraft profilesandruns. of the atmosphere along with several horizontal legs within and below the cirrus. The instrumentation onboard the aircraft is described by several NCAR bulletins, but will briefly be described here. Cloud microphysical data, averaged over 5 minute intervals, were obtained using the PMS 2D-C and 2D-P optical array probes (Knollenberg, 1970; Heymsfield and Baumgardner, 1985) . These count and classify the 2-dimensional images of particles passing through the probe. For airspeeds of 100 m s -1, the 2DC probe samples ice crystals in the size range 25#m to lmm , and the 2DP probe has a size range of 100#m to 2ram. The King Air typically flew at airspeeds between 90 and 120 m s -1 (the actual speed depends on the altitude).
The Sabreliner flew at airspeeds between 165 and 214 m s-1, which degrades the 2DC probe resolution to 50#m. (1985) gives details of the data processing.
Heymsfield and Baumgardner
The ice crystal size spectra are merged so that data for crystals smaller than 400#m are given by the 2DC probe and data for larger crystals are given by the 2DP. The ice water content (IWC) was calculated from the 5-second average ice crystal size spectra using empirical habitdependent equations for the mass of each ice crystal as a function of diameter, as described by Heymsfield (1977) . The resulting IWC is accurate to within a factor of 2 (Heymsfield et al, 1990 ). The 5-second average ice crystal effective radius re was found using the definition given by Foot (1988) , which preserves the measured IWC and cross-sectional area. This definition of re was used because it is valid regardless of the shape of the ice crystals.
The visible extinction/3 was calculated as the geometric optics limit of 2 x AT, the total ice crystal cross-sectional area, as in Fu (1996 warmer temperature levels to a mere 8% at -30°C. Platt et al (1989) found using in-situ and remotely sensed data that 95% of the extinction occurred for particles larger than 30#m in a low altitude cirrus cloud (-47.3°C ).
Therewere5 cases with cloudtop temperatures below-50°C,but the majority of the clouds werewarmerthan this. Kinneet al (1997)analysedFIRE-II cirrusballoonsonde replicatordata andfoundthat ice crystalstoo smallto be detectedby the aircraft 2D probesareradiativelyof minor importance, contributingonly 10%to the total extinction. Mitchell et al (1996) did not find manysmallparticlesin the Citation aircraft,replicatordata for the 5 December case,but did find a largenumberof smallparticlesfor 22November. However, this casewasnot analysed dueto a major winter stormwhichdeveloped during the flight, with multi-layeredcloudsover the area. In summarytherefore,althoughthe smallparticlesmay be important radiativelyin the coldestcases, they only containa smallfraction of the ice and thereforethe averageand variability in the IWC canbe obtainedfrom the crystalsobserved by the 2D probes. The length of the runs varied between 50km and 300km, depending on the individual flight pattern. The composite IWC spectra for these flights were found to flatten out iu most cases to slopes of magnitude less than 1 at length scales typically between 10 and 15km, with some flattening out completely to a zero slope (at the integral scale R, as in Davis et al, 1996) . This means that the timeseries were generally long enough to be considered stationary.
The Smith and Jonas (1996) observed convective cells with horizontal scale of 2km in a thick frontal cirrus layer from the EUCREX campaign. Starr and Cox (1985) simulated a thin cirrus layer which had cellular structures of horizontal dimension 1 to 1.5 km, the sort of horizontal dimension which appears to be typical of observed cirrus cells. It is therefore possible to capture cellular structures in many cases, but we cannot capture their internal structure. This study is intended to aid the parameterization of cirrus horizontal inhomogeneity in
GCMs which at present do not represent the variability at all. A GCM might at best hope to faithfully represent whatever aspects of the subgrid statistics are related to the large-scale structure and forcing. The small and mesoscale forcings which are present in the real world are unrelated to the large scale and therefore cannot be predicted. Spectra of the ice water content generally had slopes greater than or equal to 5/3, indicating that most microphysical variability is contained in the larger scales anyway. The radiative smoothing scale (ltD) 1/2 (Davis et al, 1997) was calculated, below which the radiance is insensitive to small fluctuations of extinction. Here, It = [(l-g)< _ >]-I is the transport mean free path, with g=0.7 (the asymmetry parameter).
Valuesof the radiativesmoothingscalerangebetween50mand150m, with an average of around 100m. Horizontalscalessmallerthan about 100mare thus unimportant for cirrus radiative properties.
Aircraft Turbulence Measurements
Air velocities with respect to the aircraft are obtained from a de-iced radome gust probe (Brown et al, 1983) , in which pressure ports are situated on the nose of the aircraft itself. The pressure field resulting from the flow perturbations is used to obtain flow angles. The wind spectra were also calculated for the straight and level parts of each horizontal run, as described in Smith and Jonas (1996) . The best fit straight line was removed from the initial time series, and then 10% of the data was tapered at both ends using the split cosine bell, to reduce leakage to neighbouring frequency bins. Smooth spectra were obtained by averaging spectral estimates into octave frequency bins (frequency bins 10-5 Hz, 5-2.5 Hz, etc for King Air data which has a sampling frequency of 20Hz and therefore a Nyquist frequency of 10Hz).
The vertical velocity power spectra were then used to find estimates of the TKE (turbulent kinetic energy) dissipation rate ew, using the method described in Smith and Jonas (1995) . The following equation was used:
where f is the frequency in Hz (corresponding to a scale A = TAS/f), S(f) is the spectral density at that frequency and TAS is the true airspeed, or the mean wind speed relative to the aircraft.
A frequency of 1Hz was chosen for these calculations as this should be within the inertial subrange. The vertical velocity spectra at mesoscales is produced by gravity waves. If there is a small-scale energy source resulting in fully developed, homogeneous, 3-dimensional turbulence, a peak will appear in the vertical velocity spectrum with an inertial subrange (where there are no sources or sinks of energy) at higher frequencies.
Energy is handed down to smaller and smaller scales, resulting in a spectral slope of-5/3 down to the Kolmogorov microscale at which viscous dissipation occurs. Therefore the energy dissipation rate is directly related to the amount of small scale turbulence.
If there is no inertial subrange for a run, as might be the case in calm regions, e_ is not really the TKE dissipation rate. However, it's small value indicates that the region is not turbulent.
Similarly, values were found from the horizontal wind spectra, The highest value of a_, from these four timeseries is for case (a), the most turbulent, having a value of 0.5 m s -1. However, the value of crw for case (c) is only a little smaller, with a value of 0.4 m s-1 due to the wave activity seen in the timeseries.
This demonstrates that ew is the best measure of the amount of turbulence encountered during a run if the effect of gravity waves is to be excluded. However, care must be taken when it falls below a value of approximately 1 x 10 -5 m 2 s -3. In such cases the vertical velocity perturbations are below the noise level and ew is no longer a measure of turbulence intensity.
Atmospheric profiles
Although the aircraft made vertical profiles up through the atmosphere, these often do not reach the cloud top.
The aircraft move at high horizontal velocity so that aircraft profiles include horizontal as well as vertical variations. Therefore, CLASS radiosonde data were used to obtain the vertical structure of the atmosphere in which the cirrus clouds were located. These sondes were released from Coffeyville and from several c,ther ground sites, and recorded pressure, temperature, dewpoint, relative humidity (RH), horizontal winds, altitude and position during the ascent. In each case, the sonde profile closest to the aircraft flight path in both space and time was chosen. Generally the radiosondes were launched within 50km from the aircraft flight track, except in the case of SA07, when the nearest sonde was Arkansas, 100km south of the flight track. This one was not used. Stability and shear were calculated using the following equations: profile shown in figure 4 demonstrates the amount of variability in the stability profile over a cloud layer, the extent of which is denoted by solid horizontal lines. (The dashed line denotes the base of the ice supersaturated region). Calculating the average stability over the entire cloud averages out all the individual stable or neutral layers. The vertical profiles of ew are also highly variable between different cloud layers. Therefore figure 5 shows ew plotted against the stability for each individual horizontal aircraft run which was within the cirrus cloud. The value of ew within layers with stability greater than 0.005 K km -1 is always small because vertical motions are limited by high stability. As the local stability decreases towards a neutral lapse rate there is a higher probability of significant turbulence.
There are some thin neutral layers with ew up to 4.7 x 10 -4 m -2 s -3. The ,ack of direct correlation may be partly due to the fact that it is difficult to relate the observed values of e with a local stability value obtained from a sonde ascent which is not exactly coincident in both time and space. The occurence of turbulence in cirrus clouds is spatially and temporally intermittent (Smith and Jonas, 1996) , often being produced on small scales by shear through the breaking of Kelvin Helmholtz waves when the Richardson number falls below 0.25. Although it is believed that the cloud may affect the stability of the layer in which it resides and therefore the amount of turbulence created, there appears to be no relationship between the cloud optical depth _ (or the average IWC) and the thermal stability.
Nor is it related to the TKE dissipation rate _w. It has been shown by previous studies that thin neutral or unstable layers can be formed in the atmosphere by differential temperature advection either due to a temperature gradient or due to shear (Sassen et al, 1989; Starr and Wylie, 1990 (1994) found from their modeling study that a larger optical depth produced more turbulence_ forming a well-mixed layer and providing a source of vapour.
However, they found that cloud h_ating was insufficient to produce instability when an initially stable upper tropospheric profile was used. Convection was generated more easily when a larger vertical velocity and initial nel,tral stability was used. Whether or not the cloud is destabilized by the radiative profile depends upon the distribution of the cloud extinction with height rather than the. optical depth of the cloud. The cloud top region must be optically thick enough for the infrared cooling to be concentrated near cloud top instead of being distributed throughout the cloud. There is a stable layer at a height of 7.3km which increases in both strength and depth through the duration of the flight. This corresponds to a minimum in the IWC profile. Above and below this, the profile has developed from a stable one to one which is neutral, a behaviour suggestive of extinction values that enable radiative destabilization to occur. Other parameters also determine the amount of destabilization due to cloud processes, such as the height of the cloud and its depth. The interactions of all these parameters make it difficult to parameterize the amount of stability over a cloud layer in any simple manner, despite the suggested effect of extinction on the local stability.
8 Horizontal variation in cloud properties Figure 7 shows the run averaged in-cloud values of IWC, ice crystal concentration N and extinction/_ against the run-averaged value of their in-cloud standard deviations.
There is a linear relationship between the average value and the variation of each of these parameters. Figure 8 shows that this relationship also holds when values are averaged over the cloudy portions of an entire flight. Individual cloud layers are coupled microphysically through the action of fallstreaks which supply lower layers with ice crystals, or moisture if they evaporate, despite the fact that they are decoupled dynamically. Considine et al (1997) showed a similar relationship between the average and the standard deviation of the liquid water path (LWP) of marine stratocumulus clouds observed by Landsat. The presence of cellular structures in convective cases locally enhances the production of ice abovethat which wouldbe producedin a uniform cirrus layer. This is because the higher vertical air motionswithin updrafts producehigher supersaturations (Heymsfield,1977) and crystalresidence time is increased (Mitchell, 1994) .So the presence of suchcellularstructures increases the horizontalinhomogeneity in the IWC by an amountdependingon the strength of the vertical motions,with larger valueswithin the cellsand smallervaluesbetweenthem. At the sametime the averageIWC valueis increased. Inhomogeneity in the generatinglayer produceshorizontalvariability in the evaporativecoolingrate belowcloud through the action of fallstreaks, in which a newcloudlayerand turbulenceis produced. Figure 9 suggests a possibleinverselinear correlationbetweenthe standard deviationof cloud depth aD (as obtained from the radar) and average cloud-layer stability. If the relationship is a real one, it could possibly be used to obtain the cloud microphysical variability using a model such as that described in Smith and Delgenio (2000) , which reproduces the ice water content probability distribution function from the cloud depth variability. In general, the dataset used in the present study is too limited as yet to have complete confidence in the derived relationships and it is necessary to investigate whether they hold for cirrus clouds in other regions of the globe and at other times of the year, as well as for other cloudtypessuchasaltostratus.However, if the resultshold for other data.sets, they shouldaid in the future development of parametrizations of cloudhorizontalvariabilityfor climatemodels. 
